We report on the photorefractive effect induced by a polarization grating in the presence of dc voltage in a dye-doped liquid-crystal (DDLC) film. The writing beams are two orthogonally (left-and right-circularly) polarized laser beams that create a spatially polarization-modulated interference field with constant intensity. The photorefractivity is ascribed to the absorption anisotropy of the azo dye. The unique dichroism of a DDLC cell causes a spatial variation in the absorption of light in response to a polarization-modulated interference field. Such a variation establishes a space-charge field in the presence of dc voltage, generating photorefractivity. Two-beam couplings were also verified and measured dynamically during the formation of the photorefractive grating in this study. The PR effect that occurs in systems of liquid crystals (LCs) with dopants is especially interesting and important because such systems exhibit large optical nonlinearity. During the past decade, several researchers have examined this effect in LCs. 3 -9 Brief ly, spatial charges are generated in response to the establishment of an interference pattern with a spatial intensity modulation created by two coherent light beams with identical polarization. Applying a dc voltage establishes a space-charge field by charge separation (diffusion and drift); then a nonlocal sinusoidal index-modulated pattern is formed, which leads to a PR effect.
Photorefractive (PR) materials have attracted interest in recent years because of their potential applications in the f ields of holographic storage, phase conjugation, optical image processing, and pattern recognition, among others. 1, 2 The PR effect that occurs in systems of liquid crystals (LCs) with dopants is especially interesting and important because such systems exhibit large optical nonlinearity. During the past decade, several researchers have examined this effect in LCs. 3 -9 Brief ly, spatial charges are generated in response to the establishment of an interference pattern with a spatial intensity modulation created by two coherent light beams with identical polarization. Applying a dc voltage establishes a space-charge field by charge separation (diffusion and drift); then a nonlocal sinusoidal index-modulated pattern is formed, which leads to a PR effect.
Azo dyes exhibit superb photoanisotropic characteristics, including anisotropic absorption (dichroism) and birefringence. 10 These characteristics make LC f ilms doped with azo dyes appropriate for polarization holographic studies. Studies of the PR effect of dye-doped LC (DDLC) systems have been performed in a holographic setup because the spatial intensity-modulation pattern formed by two coherent beams is required for inducing the PR effect. We verify that a PR effect can be observed and studied in a polarization grating in a DDLC film. By use of a suitable polarization-modulated interference pattern, the anisotropy characteristics of an azo dye can induce a spatially absorption-modulated pattern and then produce a space-charge f ield, which, in turn, has a PR effect. This nonlocal effect is verif ied by measurement of the two-beam coupling (TBC) of the two pump beams.
The LC and azo dyes used in this experiment are E7 (Merck) and D2 (Merck), respectively. D2 is doped into the LC host at a concentration of ϳ1 wt. %.
Two indium tin oxide glass slides are coated with surfactant n, n-dimethyl-n-octadecyl-3-aminopropyltrimethoxysilyl chloride to promote a homeotropical LC alignment and are then integrated with two 15-mmthick spacers to form an empty cell. The homogeneously mixed dye-LC compound is injected into a cell to form a dye-doped LC sample. The homeotropical alignment of the sample is verif ied with a conoscopic setup. The D2 molecules are aligned in parallel with the E7 director because of the guest-host effect. Reference 11 provides the absorption spectrum of D2 in an E7 host. Figure 1 (a) presents the experimental setup for investigating the PR effect by the polarization holography technique. Two unfocused and coherent left -right-circularly polarized (LCP and RCP) writing beams intersect at an angle of 2u ϳ 1.04 ± in the sample. These two beams have the same intensity, 2.13 mW͞cm 2 , that was derived and converted from a linearly polarized Ar 1 laser lasing at 514.5 nm (l 0 ). The two writing beams formed an interference f ield (E op ) with a linear polarization-modulated pattern of constant intensity, as shown in Fig. 1(b) . The angle between the bisector of the writing beams and the normal to the sample is set to be b 45 ± . A linearly polarized He-Ne laser beam is used to probe the written region during the generation of a photorefractive grating (PRG). Figure 2 gives a stable self-diffraction pattern after the DDLC sample is pumped by the writing beams shown in Fig. 1 for 100 s while a dc voltage of 3 V is applied. Notably, the diffraction from the grating can be observed only by use of a p-polarized probe beam, which sees the PRG by use of an intensity grating setup as well.
As is well known, the refractive index in response to the interference pattern can be obtained by means of the interaction between two writing beams, E 1 and E 2 , inside a PR medium 2 :
where c.c. represents the complex conjugate and A 1ê1 and A 2ê2 are wave amplitude vectors of E 1 and E 2 , respectively. I 0 is the sum of the intensities of the two writing beams, n 0 is the refractive index of the unilluminated medium, and f is the spatial phase difference between the interference field and the index grating. K is the grating vector ͑k 2 2 k 1 ͒, where k 2 and k 1 are the wave vectors of E 1 and E 2 , respectively, and n 1 is the amplitude of the index modulation.
Generally, E 1 is parallel to E 2 in intensity holography, and the refractive index in Eq. (1) is spatially dependent sinusoidal in space. However, if E 1 is orthogonal to E 2 , the index becomes spatially independent and a grating cannot be produced, even when a dc voltage is applied. Hence, how can a PR effect such as that presented in Fig. 2 occur in polarization holography? The mechanism is explained here. The occurrence of such a PR phenomenon in a DDLC system when polarization holography is used can be attributed to the dyes' unique property of anisotropic absorption. The guest-host effect causes the dye molecules to align in parallel with the LC molecules. The probability (P ) of a D2 molecule's absorbing a photon is proportional to the square of the cosine 12 of the angle (c) between the direction of polarization of the interference pattern and the transition dipole moment; that is, P~cos 2 c. The transition dipole moment of a D2 molecule is roughly parallel to the molecule's long axis. When the modulated linearly polarized interference field acts on the DDLC sample, the distribution of the photogenerated space charges is spatially modulated because c and, in turn, P are periodically spatially modulated. When a dc voltage is applied, a space-charge f ield is set up and a self-diffraction pattern is obtained from the PRG. A phase shift of f is reasonably induced between the polarization-modulated interference pattern and the index grating. Grating spacing L (the distance between d 0 and d 2p) is 28 mm, which corresponds to the Raman -Nath regime of diffraction because the Q parameter 2 in this experiment is obtained as ϳ0.03. Figure 3 shows the dynamics of the first-order diffraction of the probe beam during the formation of the PRG. A dc voltage V dc of 3 V is applied at t 10 s, and a grating effect is observed after the writing beams (the interference field, E op ) are turned on at 40 s. The grating is developed and becomes stable at ϳ80 s. When the dc field is switched off at t 153 s, a spike in diffraction follows and then disappears. The cause of such a spike is the increase in the grating amplitude in a space-charge field when V dc is off. The space charges soon disappear in the absence of V dc , eliminating the grating effect. Finally, V dc is applied again at t ϳ 185 s, and no grating effect is observed.
The first-order diffraction eff iciency of the probe beam from a stable PRG when a dc voltage is applied is measured. No diffraction is observed at V dc 0 V. At V . 1.4 V, diffraction is observed. A peak diffraction efficiency of ϳ10.37% is obtained at V dc 3 V. The first-order diffraction efficiency of the probe beam, h 1 , is def ined as ͑I 1 ͞I 0 ͒ 3 100%, where I 0 and I 1 are the intensities of the incident probe beam and of the f irst-order diffraction beam, respectively. The diffraction occurs in the Raman -Nath regime, so the first-order diffraction eff iciency of the probe beam can be given as h 1 ϳ ͑pdDn͞l 0 ͒ 2 , where Dn is the grating amplitude and l 0 is the wavelength of the probe beam in vacuum (632.8 nm). Nonlinear-index coefficient n 2 for the grating is def ined as Dn n 2 I , where I is the total intensity of the writing beams (ϳ42.6 mW͞cm 2 ) and n 2 is the Kerr constant. Using the experimental conditions and the obtained value of h 1 (ϳ10.37%) yields values of ϳ3.5 3 10 23 and 0.08 cm 2 ͞mW for Dn and n 2 , respectively. These values are approximately 1 order of magnitude greater than those given in Ref. 4 .
The dynamic measurement of TBC, presented in Fig. 4 , is further examined. When a dc voltage of 3 V is applied, the f irst-order diffraction of the probe beam increases, and TBC occurs. The energy of beam 1 is clearly transferred to beam 2. At t ϳ 150 s, the TBC and the probe diffraction are both in steady state. After the voltage has been switched, the TBC effect disappears. Notably, the mean intensities of the writing beams fall markedly during the energy coupling because diffraction occurs in the Raman -Nath regime, so the writing beams transfer their energy to high-order diffraction beams.
According to the TBC theory, the intensities of the writing beams can be expressed as a function of the depth (z axis) of the sample 2 :
where m 0 represents I 1 ͑0͒͞I 2 ͑0͒ (m 0 1 in this experiment), gd is the coupling strength and equals 2pd͑Dn sin f͞l cos u͒, d is the thickness of the sample, f is the phase shift between the grating and the polarization-modulated interference f ield, and a is the bulk absorption coeff icient. Notably, Eqs. (2) and (3) have been derived for essentially volume phase gratings, from which Bragg diffraction dominates. Hence these equations can be used here as the basis of a qualitative discussion because the experiment involves a thin phase grating (Raman -Nath diffraction). Normally, photorefractivity in nematic LCs gives a phase shift of f ϳ p͞2. Under the given conditions (f p͞2, l 514.5 nm, 2u 1.04 ± ) and the value of Dn obtained (ϳ3. 5 3 10 23 ), g is calculated as ϳ171 cm 21 , which exceeds that obtained for a typical photorefractive grating that uses a C 60 -doped LC system. 5 The diffraction peaks when the grating has a spacing of L ϳ 2d, a result that is consistent with that reported by Khoo. 5 In summary, the photorefractive effect was examined by use of polarization holography based on a DDLC f ilm. The simultaneous application of a dc voltage and a modulated linearly polarized interference field enabled a PRG to be constructed. The grating is attributable mainly to the anisotropic absorption of azo dyes. Such dichroism generates an absorption-modulated pattern, establishing a space-charge field when voltage V dc is applied, and produces a PRG. TBC that occurs in a photorefractive effect was also observed and measured in this experiment.
